1. Introduction {#s0005}
===============

Food shortage and nourishment deficiency are the major issues of developing as well as developed countries worldwide ([@b0055], [@b0115]). To full fill the ever-escalating food demands of the speedily growing world population, agriculture products need to upsurge by an additional 50% by 2025 ([@b0155]). In developing countries, mainly, the cultivation of legumes is the paramount and quickest way to boost protein products ([@b0150]). Soybean \[*Glycine* max (L.) Merrill\] a legume crop, owing to its high protein and vegetable oil content is cultivated all over the world ([@b0240]). In India, the more significant part of the harvest yield is decreased because of seed-borne mycoflora. Seed-borne fungi are the substantial detritivores of seeds and seed products, making them unfit for human utilization by hindering their nutritional value by producing toxins ([@b0020]). The grains stored for consumption purposes cannot be treated with fungicides, pesticides, bactericides, etc., due to the chemicals used are of non-biodegradable and extremely toxic in nature. It is, in this way, necessary to look for novel antifungal specialists for control measures that are financially savvy, non-lethal, eco-accommodating and which also reduce the rate of critical pathogens, to avoid bio-deterioration of soybean seeds.

Nanotechnology is one of the state-of-the-art technologies among the most exciting forefront fields in the 21st century ([@b0225]). Studies and progression in this field are developing rapidly throughout the world. A significant commitment of this field is the creation of functional materials, gadgets, and frameworks in the nanometre scale. These usually are particulate materials with a measurement of 1--100 nm (nm). Nanoparticles display new or enhanced properties because of certain qualities (size, distribution, morphology, phase, etc.) compared with larger particles ([@b0110], [@b0165], [@b0170], [@b0145], [@b0130]). It has been observed that a decrease in size and morphology in these particles results in the higher surface area to volume ratio ([@b0040]). Inferable to their size, nanoparticles exhibit various characteristic activities such as optical, magnetic, electrocatalytic, etc. ([@b0140], [@b0075]). Apart from these physical properties, nanoparticles are also extensively used in the fields of diagnostics, cancer therapy, biosensing, drug delivery systems, antimicrobial agents, pharmaceutical applications, etc. ([@b0210], [@b0050]).

Zinc oxide nanoparticles (ZnO-NPs) standout amongst the most nonmaterial with properties like semi conducting and adaptable applications. ZnO is a stable wurtzite structure comprising of various planes made of tetrahedral planned Zn^2+^ and O^2−^ ions, which are stacked alternately along the c-axis ([@b0120]). ZnO is a natural well-disposed material and biocompatible, which is alluring, particularly for biomedical applications. Additional it has a wide band-gap semiconductor (3.36 eV) with large exciton binding energy 60 meV at room temperature; therefore it has received increased attention in the field of self-fuelled nanosystems, short-wavelength optoelectronic gadgets, bright lasers, sensors, field-emanation gadgets, antibacterial activity, sunscreen products, artworks, mechanical coatings, etc., ([@b0180], [@b0215], [@b0045], [@b0255], [@b0095]).

The biological method for ZnO-NPs synthesis using microorganisms and plant extracts has turned out to be vastly improved than that of synthetic techniques due to more ecological cordial and also financially savvy ([@b0100]). The plant facilitated the green synthesis of nanoparticles is favorable over chemical and physical strategies ([@b0185]). Different parts of plants, for example, leaf, stem, flower, seed have been utilized to synthesize nanoparticles ([@b0125]). Plants give a superior stage to nanoparticles synthesis as they are free from toxic substances and also will act as natural capping agents. Moreover, the utilization of plant products lessens the cost of microorganism isolation and culture media, improving the cost-focused plausibility over nanoparticle synthesis by microorganisms ([@b0160]). The usage of plants for the union of nanoparticles is a fast, minimal effort, eco-accommodating and single-step strategy, which can be straightforwardly used for drug delivery and other comparative application without any coating or core--shell ([@b0230]).

*Melia azedarach* Linn. is a large indigenous tree belonging to the family Meliaceae, a native of India, China, and Persia. It is commonly known as Chinaberry tree or Indian Lilac ([@b0245]). Leaves and fruit extracts of the plant are traditionally used for antibacterial ([@b0205]), antifungal ([@b0015]), antimalarial activity ([@b0010]), etc. Hence, the present study was aimed at the objectives: (i) Green synthesis of ZnO-NPs using an aqueous leaf extract of *M. azedarach* as bioreductant and stabilizing agents. (ii) Characterization of green-synthesized MaZnO-NPs by UV--Vis spectrophotometer, FT-IR, XRD, SEM, EDS, and TEM. (iii) Isolation of fungi from soybean seeds by Standard blotter method and characterization by molecular techniques. (iv) Evaluation of the antifungal potential of MaZnO-NPs against seed-borne pathogenic fungi.

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

Czapek dox broth (CZB), Czapek dox agar (CZA), potato dextrose broth (PDB), potato dextrose agar (PDA), blotting paper, double-layered muslin cloth, Whatman No.1 filter paper, and high-grade AR zinc nitrate hexahydrate (Zn(NO~3~)~2~·6H~2~O) were purchased from Sigma-Aldrich, India. The other chemicals, reagents, and solvents of fine grade were from Merck Millipore, India. The glassware was obtained from Borosil, India and was sterilized before use.

2.2. Biofabrication and characterization of zinc oxide nanoparticles {#s0020}
--------------------------------------------------------------------

*M. azedarach* plant was chosen in light of an ethnobotanical review*.* The fresh leaves were collected from the local surroundings of the University of Mysore, Mysuru, India. Collected leaves were air-dried at room temperature and powdered utilizing a sterile electric blender and blended in nano-pure water (1:10, w/v). The blend was sonicated and the supernatant was passed through two layers of muslin cloth and centrifuged at 4000 rpm for 30 min and the supernatant was used for further studies. Zinc nitrate hexahydrate \[Zn(NO~3~)~2~·6H~2~O\] was used as a precursor material and plant extract has fuel for MaZnO-NPs synthesis. A stoichiometric amount of Zn(NO~3~)~2~·6H~2~O was dissolved in the plant extract. This reaction mixture was stirred well using a magnetic stirrer for 10 min and then placed in a pre-heated muffle furnace maintained at 300 ± 10 °C. The final product was subjected to physicochemical characterization.

The synthesized M. azedarach zinc oxide nanoparticle (MaZnO-NPs) was characterized by UV--Vis absorption Spectrophotometer (DU739, Beckman Coulter, Germany) operated at a resolution of 1 nm at room temperature. The presence of nanoparticles was confirmed by obtaining a spectrum in the visible range of 200--800 nm. The specific functional groups present in the MaZnO-NPs were carried out in FTIR spectroscopy (Perkin Elmer Spectrum 1000) between 400 and 4000 cm^−1^. The crystallinity and phase purity of MaZnO-NPs were characterized by X-Ray diffraction (XRD) using a Rigaku Desktop Miniflex II X-Ray powder diffractometer with Cu kα radiation with an angle 2θ (λ = 0.15418 nm). The particle size was determined by the intercept and slope calculated by the XRD values (often referred to as a Williamson--Hall plot) and Scherrer's equation:$$D = \frac{0.89\lambda}{\beta Cos\theta}$$where λ is the wavelength (Cu Kα) of X-Rays, β is the full width at half- maximum (FWHM) of the peak, and θ is the diffraction angle. The XRD pattern of MaZnO-NPs was analyzed with the ICDD Powder Diffraction File database (International Centre for Diffraction Data) using Crystallographica Search-Match Version 2, 1, 1, 1. SEM analysis was used to study the surface morphology and images were taken using an HR-FESEM SU-70 Hitachi instrument and Energy Dispersive Spectroscopy (EDS) using HITACHI (Noran System 7, USA) to find an elemental composition in the reaction mixture. To determine the size of the MaZnO-NPs, TEM analysis was performed on Philips model CM 200 instrument.

2.3. Isolation and molecular characterization soybean seed-borne fungi {#s0025}
----------------------------------------------------------------------

Freshly harvested and locally available two kilograms of soybean seeds (JS-335 variety) were collected from the agricultural field, Bugudanahalli, Tumkur, Karnataka, India. The presence or absence of seed-borne fungi was tested by blotter plate methods for the isolation of seed-borne fungi according to the International Seed Testing Association (ISTA), 2006 ([@b0190]). Three layers of blotting paper (9 cm diameter) were placed at the bottom and moistened with sterile distilled water (SDW). Excess water was drained-off and Petri plates were autoclaved for 121 °C for 20 min at 15 psi. Soybean seeds (400) were surface disinfected with 1% sodium hypochlorite solution for about 2 min and repeatedly washed (with sterile distilled water) to remove the remnants. Each Petri plate was placed with 10 seeds equidistantly and incubated for seven days at room temperature in alternating cycles of 12 h darkness and 12 h light. After incubation, each Petri plate was observed under a stereo binocular microscope for the presence of seed-borne fungi. The most frequently observed fungi in the incubation test were selected for molecular characterization. Liquid cultures of fungal isolates were prepared using 50 mL of PDB in 250 mL Erlenmeyer flasks to obtain fresh mycelia for DNA extraction. The fungal mycelia mat was separated by centrifugation at 8,000 rpm at 4 °C for 10 min. The obtained mycelia were crushed in liquid nitrogen and about 100 mg was used for genomic DNA extraction. Polymerase chain reaction (PCR) was used to amplify the internal transcribed spacer (ITS) region of ribosomal DNA, which encompasses the 5.8S gene and the ITS-1 (5′ TCC GTA GGT GAA CCT GCG G 3′) and ITS-4 (5′ TCC TCCGCT TATTGATAT GC 3′) regions. A contiguous sequence out of two sequences was generated using CAP3 sequence assembly program and submitted to the GenBank, National Center for Biotechnology Information (NCBI) ([@b0250]).

2.4. Fungicidal activity of MaZnO-NPs on seed-borne fungi {#s0030}
---------------------------------------------------------

Fungicidal activity of MaZnO-NPs against isolated soybean seed-borne fungi, *C. cladosporioides* and *F. oxysporum* were determined by micro-well dilution method as per guidelines of Clinical & Laboratory Standards Institute ([@b0025]). Fungicidal mechanism of MaZnO-NPs was demonstrated by determining fungal growth (biomass), ergosterol content, lipid peroxidation, intracellular reactive oxygen species (ROS), and membrane integrity ([@b0175], [@b0090]). The fungi, *C. cladosporioides* and *F. oxysporum* were grown on PDA for 7 days at 25 ± 2 °C and spores were collected in peptone solution (0.001% Tween 80). The spore count was done using hemocytometer, and count was adjusted to 10^6^ mL^−1^ and used in the further studies.

### 2.4.1. Micro-well dilution assay {#s0035}

The minimum inhibitory concentration (MIC) and minimum fungicidal concentration (MFC) of MaZnO-NPs were determined from micro-well dilution assay ([@b0085]). A quantity of 10 µL of fungal spore suspension (10^6^ mL^−1^) and different concentrations of MaZnO-NPs were added in 96-well microtiter plate, and the total volume was made to 100 µL with CZB. Nystatin was used as positive control and fungal spore suspension alone with CZB served as negative control. The test samples were incubated at 25 ± 2 °C for 3 days and the concentration of MaZnO-NPs at which visible fungal growth is absent is referred to as MIC. Next, 10 µL was collected from test samples and inoculated on CZA Petri plates and the concentration of MaZnO-NPs at which no evident fungal growth was referred to as MFC.

### 2.4.2. Assessment of fungal biomass and ergosterol content {#s0040}

Two experimental sets were distinctly prepared for estimation on the effect of MaZnO-NPs on fungal biomass and ergosterol content. Briefly, 10 µL of fungal spore suspension (10^6^ mL^−1^) and different concentrations of MaZnO-NPs (up to 250 µg mL^−1^) were added to 100 mL of CZB in 250 mL Erlenmeyer flasks and incubated at 25 ± 2 °C for 14 days with a duration of 12 h under rotary shaker (140 rpm). The flasks with fungal spore suspension and without MaZnO-NPs were considered as control. Subsequently, mycelia were separated from broth filtering through Whatman No.1 filter paper. One set of mycelia were dried at 60 °C using hot-air oven and used for estimation of fungal biomass. The other set of mycelia was used for HPLC quantification of ergosterol as per the methodology of [@b0200].

### 2.4.3. Assessment of membrane integrity {#s0045}

Briefly, 1 mL of fresh fungal spore suspension (10^6^ mL^−1^) was treated with different concentrations of MaZnO-NPs (up to 200 µg mL^−1^) and incubated under rotary shaker (140 rpm) for 24 h with 12 h light at 25 ± 2 °C. The samples without MaZnO-NPs served as negative control. Each sample was treated with 5 µM of propidium iodide for 15 min and subjected to wash twice with phosphate-buffer saline (pH 7.4). The propidium iodide stained spores were counted at 490/635 nm using flow cytometry (Beckman Coulter). A minimum of 1000 spores was counted in each sample, and results were expressed as number of propidium iodide stained spores per 100 spores.

### 2.4.4. Assessment of ROS and MDA levels {#s0050}

The oxidative stress induced fungicidal activity by MaZnO-NPs was studied over assessing ROS and malondialdehyde (MDA) levels. Two experimental sets were separately considered for ROS and MDA analysis. Briefly, 10 µL of fungal spore suspension (10^6^ mL^−1^) was added to 1 mL of CZB in a 12-well culture plate and incubated at 25 ± 2 °C for 7 days with a duration of 12 h light/day under rotary shaker (140 rpm). Following, different concentrations of MaZnO-NPs (up to 200 µg mL^−1^) were added and again incubated for 24 h at the above conditions. The samples not treated with MaZnO-NPs were considered as control. Subsequently, one set of samples was stained with 5 µM of DCFH-DA for 15 min and washed twice with phosphate-buffer saline (pH 7.4). The optical density was measured at 495/550 nm using the plate reader (Synergy H1, BioTek, USA) and results stated with respect to control (100%). The other set of samples was used for quantification of MDA levels using lipid peroxidation assay kit as per instructions from the manufacturer.

2.5. Statistical analysis {#s0055}
-------------------------

The experiments were executed in 6 replicates and observations were expressed as a mean ± standard deviation. Means were separated by one-way ANOVA test at 0.5 significant (P \< 0.05) using GraphPad Prism Version 7. The statistical difference between test samples were assessed following Tukey's multiple comparison test.

3. Results {#s0060}
==========

The major compound present in *Melia azedarach* extract was reported to be meliartenin ([@b0030]). The egg box model has been used to predict the possible mechanism involved in the formation of MaZnO-NPs ([Fig. 1](#f0005){ref-type="fig"}). [Fig. 2](#f0010){ref-type="fig"}a, shows UV--Vis absorption spectrum of as-synthesized MaZnO-NPs. An absorption peak obtained at 374 nm is well-matched with literature. The synthesized MaZnO-NPs were subjected to FT-IR analysis to detect the presence of metal oxides ([Fig. 2](#f0010){ref-type="fig"}b). Metal oxide absorption bands are observed in the region below 600 cm^−1^. The major peak at 551 cm^−1^ can be attributed to the Zn-O stretching of ZnO lattice. The powdered sample was subjected to X-Ray Diffractometer for confirming the presence of synthesized MaZnO-NPs. [Fig. 2](#f0010){ref-type="fig"}c**,** shows XRD pattern of as-prepared MaZnO-NPs. The location of the peaks as compared to literature values and the presence of ZnO-NPs were confirmed. XRD spectrum shows characteristic peaks corresponding to (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (2 0 0), (1 1 2) and (2 0 1) planes that are in good agreement with the hexagonal wurtzite ZnO phase (JCPDS No. 89--510). The crystallite size of MaZnO-NPs calculated by Sherrer's equation and Williamson-Hall (W − H) plot method ([Fig. 2](#f0010){ref-type="fig"}c) was found to be 23.72 nm and 30.95 nm, respectively. SEM and TEM analysis were employed to investigate the morphology of MaZnO-NPs. SEM images showed that the particles are of hexagonal in shape which is upward-aligned to form an aggregation of bundles ([Fig. 2](#f0010){ref-type="fig"}d). [Fig. 2](#f0010){ref-type="fig"}e, depicts that the synthesized ZnO NPs were of pure form. EDS and TEM analysis confirmed that the shape of the synthesized MaZnO NPs was hexagonal and sizes were in the range of 30--40 nm. Bugudanahalli lies between 13^0^ 10^l^ 0^ll^ N and 13^0^ 30^l^ 0^ll^N latitude and lies between 77^0^ 0^l^ 0^ll^ E and 77^0^ 10^l^ 0^ll^ E longitude. The area was marked using the survey of India toposheet 57G/3 (Tumkur), the scale of the topo sheet is 1:50,000 and using Arc GIS (9.3) software. The details of the above location are marked in map ([Fig. 3](#f0015){ref-type="fig"}.).Fig. 1Egg-box model for the interaction of meliartenin during the formation of MaZnO-NPs -- A schematic representation.Fig. 2(a) UV--visible spectrum; (b) FT-IR spectrum; (c) of X-Ray diffraction pattern; (d) SEM; (e) EDS and (c) TEM image of MaZnO-NPs.Fig. 3Geographical location of Bugudanahalli.

The Standard blotter method results showed that soybean (JS 335) variety harboured a diverse fungal species ([Fig. 4](#f0020){ref-type="fig"}.). In the present investigation, the most frequently occurred soybean seed-borne fungi (*C. cladosporioides* and *F. oxysporum*) were identified by rDNA sequencing analysis. The DNA fragments were sequenced and deposited in the GenBank, NCBI under the accession number KF849291 (*C. cladosporioides*) and KM921744 (*F. oxysporum*).Fig. 4Soybean seed showing diverse fungal species after seven days of incubation by Standard blotter method (SBM).

The preliminary fungicidal activity of MaZnO-NPs on seed-borne fungi was determined by micro-well dilution method. The MaZnO-NPs presented potent fungicidal activity, and the MIC and MFC values were 81.67 and 178.3 µg mL^−1^, and 93.33 and 208.3 µg mL^−1^ for *C. cladosporioides* and *F. oxysporum*, respectively. Whereas, synthetic fungicidal agent Amphotericin B exhibited MIC and MFC values of 203.3 and 326.7 µg mL^−1^ and 236.7 and 381.7 µg mL^−1^ against *C. cladosporioides* and *F. oxysporum*, respectively. The detected fungicidal activity of MaZnO-NPs was found to be much potent contrasted to synthetic fungicidal agent Amphotericin B.

Succeeding, fungal biomass, ergosterol, membrane integrity, ROS, and MDA were contemplated for revealing detailed fungicidal action of MaZnO-NPs ([Fig. 5](#f0025){ref-type="fig"}a--e). The fungal biomass and ergosterol were studied as indicator for fungal growth. Particularly, ergosterol is vital component in membrane of fungi and it serves same functions of cholesterol like in animals. Therefore, till date, ergosterol has become primary target for discovery of novel fungicidal agents. Interestingly, in the present study, MaZnO-NPs have effectively inhibited fungal growth (biomass) by way of reducing ergosterol content. The total fungal biomass (mg) and ergosterol content (µg mg^−1^ mycelial biomass) in control was noticed as 23.09 and 35.84, and 25.47 and 42.12 for *C. cladosporioides* and *F. oxysporum*, respectively. Whereas, fungal biomass and ergosterol content were significantly reduced in MaZnO-NPs treated fungi related to control and it was observed as dose-dependent. The growth of *C. cladosporioides* and *F. oxysporum* were correspondingly absent at 200 and 250 µg mL^−1^ of MaZnO-NPs and found in accordance with results of micro-well dilution assay ([Fig. 5](#f0025){ref-type="fig"}a and b). The study evidently showed that MaZnO-NPs have reduced the fungal growth through depleting ergosterol content. Further, the effect of MaZnO-NPs on membrane integrity of fungal spores was investigated by propidium iodide (PI) staining assay. The results showed that MaZnO-NPs were detrimentally affected the membrane integrity of fungal spores in a dose-dependent manner ([Fig. 5](#f0025){ref-type="fig"}c). Thereafter, oxidative stress induced fungicidal action of MaZnO-NPs was concluded by estimating ROS and MDA levels. The ROS levels in MaZnO-NPs treated fungal samples were estimated with respect to control (100%). The ROS levels were enhanced in MaZnO-NPs treated fungal samples in a dose-dependent manner ([Fig. 5](#f0025){ref-type="fig"}d). The MDA is measured as an indicator for tissue and cellular damage and result from lipid peroxidation of polyunsaturated fatty acids by detrimental action of ROS. In the present study, MDA levels were significantly greater in MaZnO-NPs treated fungal samples compared to control and exhibited dose-dependently ([Fig. 5](#f0025){ref-type="fig"}e). Overall, the study unveiled that MaZnO-NPs shown potent fungicidal activity on seed-borne fungi through elevating the ROS and MDA levels, adversely affecting membrane integrity, and depleting ergosterol synthesis.Fig. 5Fungicidal activity of MaZnO-NPs. Dose-dependent effect of MaZnO-NPs on (a) fungal growth; (b) ergosterol content; (c) membrane integrity; (d) intracellular ROS; (e) MDA of seed-borne fungi, *C. cladosporioides* and *F. oxysporum*. The experiments were performed in 6 replicates and results were expressed as mean ± standard deviation. The data was processed by one-way ANOVA and statistical difference between the tests samples were analyzed by Tukey's multiple comparison tests. The bars with different alphabetic letters were significant (p ≤ 0.05) in the respective study.

4. Discussion {#s0065}
=============

Since the past few decades, nanotechnology has been most frequently used in various fields, including agriculture and food industry. Most of the stored seeds are contaminated by seed-borne fungi leading to the deterioration of nutritive value of seeds. Hence, the developments of an effective antifungal agent that can be used for seed coating and give protection against seed-borne fungi have gained significant attention during recent decades. Soybean seed-borne fungi were isolated by following the method given by ISTA and identified by molecular methods. Fungal diagnostics have increased dramatically with the introduction of molecular tools, in particular, that of PCR. Molecular methods involving the use of ITS region were studied by various workers to identify the fungal genera and species ([@b0035], [@b0060]). Nanoparticles have been known to have antifungal activity during recent studies.

In the present study, MaZnO-NPs have been synthesized using *M. azedarach* leaf extract, which was of highly simplistic, inexpensive and non-toxic approach. *M. azedarach* leaf extract was used as a fuel for the synthesis of MaZnO-NPs. Meliartenin has been reported to be one of the few major compounds present in *M. azedarach* leaf extract ([@b0105]). The synthesized MaZnO-NPs were characterized, which were in line with the previous reports ([@b0070], [@b0220]). Our results revealed that MaZnO-NPs possessed antifungal activity against soybean seed-borne fungi and showed a higher concentration of MaZnO-NPs had higher inhibition of fungi. Antifungal results were in line with the previous reports ([@b0195], [@b0065]). The antifungal efficacy possessed by MaZnO-NPs could efficiently restrain the growth of soybean seed-borne fungi and could be a potent substitute for synthetic fungicides used in the agriculture and food industry.

Ergosterol is a major sterol present in the cell membranes of fungi, which play a vital role in cell membrane integrity and function similar to that of cholesterol in animals ([@b0235]). Hence, several antifungal drugs are prepared to target enzymes involved in ergosterol synthesis. In our study, it was read that the ergosterol content was decreased as the concentration of MaZnO-NPs increases which were similar to the previous reports ([@b0200], [@b0135]). In the present study, it has been investigated that the antifungal activity may be attributed due to the generation of ROS by MaZnO-NPs coming in contact with fungal cell wall. The ROS generated results in elevated stress, leading to oxidative damage to the fungal cell wall and cell components. Previous reports suggested that the antifungal activity of ZnO NPs was mediated through ROS production ([Fig. 6](#f0030){ref-type="fig"}) ([@b0135], [@b0005], [@b0080]).Fig. 6Mechanism of antifungal activity of ZnO NPs. (a) Fungal cell wall; (b) Mechanism of action; (A) Disruption of fungal cell wall; (B) DNA damage; (C) Inhibition of protein synthesis; (D) Mitochondria damage.

5. Conclusions {#s0070}
==============

In conclusion, MaZnO-NPs were prepared by solution combustion technique and studied for their antifungal activity against soybean seed-borne fungi. XRD and TEM results confirmed that the synthesized crystallites size of MaZnO-NPs was 23.72 nm to 32.95 nm. Egg box model was used to predict the possible mechanism for the formation of ZnO NPs. Antifungal activity, MIC showed the lowest concentration at which the fungi were inhibited. The results affirm that the synthesized nanoparticles had antifungal activity, which can be used against the soybean seed-borne fungi.
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